ABSTRACT
xtradural fluid on spinal MR imaging has been reported to predict fast spinal CSF leaks for which the leak site may not be localized on conventional CT myelograms (CTMs). 1 We adopted an imaging algorithm in January 2011 for the evaluation of patients with clinical suspicion of spinal CSF leak. The first step of this algorithm is to perform MR imaging of the entire spinal canal, and the results of the MR imaging are then used to guide the type of CTM initially performed. Specifically, if extradural fluid is present on MR imaging, dynamic CTM is performed. Our current technique used for dynamic CTM has been previously reported. 2 If extradural fluid is not present, conventional CTM is performed.
The goal of adopting this algorithm was to attempt to reduce the number of repeat dynamic CTMs for leak localization in patients with fast spinal CSF leaks who initially underwent conventional CTM with the leak identified but not localizable. Averaged over the previous 8 years, repeat dynamic CTM for leak localization was performed in 21% of patients at our institution. 1 Reducing repeat CTM is desirable for several reasons, including radiation reduction, cost savings, and fewer invasive procedures. The purpose of this study was to retrospectively evaluate our compliance with the algorithm and determine its effectiveness in reducing repeat dynamic CTM performed for leak localization.
MATERIALS AND METHODS
After obtaining institutional review board approval, a retrospective review was performed of all patients referred to CTM for suspected spinal CSF leak between January 2011 and September 2014, as determined by a radiology information system data base search. Referral to CTM was based on a working clinical diagnosis of spontaneous intracranial hypotension, typically with a history of orthostatic headache, as determined following evaluation by a headache neurologist.
Patients with spinal CSF leaks secondary to an iatrogenic cause or traumatic brachial plexus injuries, as determined by review of radiology reports and the electronic medical record, were excluded. Patients with a prior CTM within 2 years, as determined by review of prior radiology examinations performed at our institution or an outside facility, were also excluded because the presence and rate of a CSF leak on the prior study could bias selection of CTM examination type.
The radiology report from each CTM was reviewed to determine the type of CTM performed. This was categorized as either conventional or dynamic. The report was also reviewed to determine whether a spinal CSF leak was present or absent. If a leak was present, it was categorized as either a fast or slow leak. A "fast leak" was defined as a leak that required the initial dynamic series of a dynamic CTM for leak localization. The initial dynamic series of a dynamic CTM includes up to 6 serial CT scans of the spine obtained during intrathecal contrast injection over the course of approximately 75 seconds, as previously described by our group. 2 All other leaks were defined as slow leaks.
Whether a spinal MR imaging examination was completed within the year preceding the CTM was recorded. The spinal MR imaging could have been from our institution or from an outside facility, if electronically available. If a spinal MR imaging examination was completed, the presence or absence of an extradural fluid collection on that examination was recorded on the basis of review of the radiology report. Each of these spinal MR imaging examinations had been interpreted by a staff neuroradiologist from our institution. If no report was available for a spinal MR imaging performed at an outside facility, the images were reviewed by a staff neuroradiologist from our institution to determine the presence or absence of an extradural fluid collection. The segments of the spine imaged on MR imaging were also recorded. These were divided into cervical, thoracic, lumbar, and each possible combination thereof. The number of days elapsed between the spinal MR imaging and the CTM was also noted. Any interventional treatment performed for spontaneous intracranial hypotension between the spinal MR imaging and the CTM was also recorded.
On the basis of whether spinal MR imaging was performed, the presence or absence of extradural fluid on MR imaging, the type of CTM performed, whether a spinal CSF leak was identified on the CTM, and whether that leak was fast or slow, the algorithm was analyzed for compliance and success as described below.
The number of patients in whom the algorithm was followed (ie, compliance) included all patients who had pre-CTM spinal MR imaging of any segments and who were appropriately triaged for dynamic CTM if extradural fluid was present on the MR imaging or conventional CTM if extradural fluid was not present.
Algorithm success was defined as patients in whom the algorithm was followed, did not require repeat imaging with a dynamic CTM for leak localization, and did not undergo unnecessary dynamic CTM for a slow or absent CSF leak. Algorithm failure was defined as patients in whom the algorithm was followed but either required repeat imaging with dynamic CTM for leak localization or underwent initial dynamic CTM for a slow or absent CSF leak.
The number of patients in whom the algorithm was not followed included all patients with one of the following breaches: patients without pre-CTM spinal MR imaging, patients inappropriately triaged for dynamic CTM if extradural fluid was not present on the MR imaging, or patients inappropriately triaged for conventional CTM if extradural fluid was present on the MR imaging.
The number of unnecessary dynamic CTMs for slow or absent CSF leaks and nonlocalized fast leaks on conventional CTM was recorded for cases in which the algorithm was breached and also for cases in which it was followed. These were compared by using a 2-tailed Fisher exact test.
RESULTS

Study Population
We identified 181 patients who were referred to CTM for a suspected spinal CSF leak. Of those, 52 (29%) were excluded. Reasons for exclusion in these patients were the following: 37 (71%) for prior CTM within 2 years, 12 (23%) for iatrogenic leaks, and 3 (6%) for leaks related to traumatic brachial plexus injuries. The remaining 129 patients were included in the study population.
In the 118 patients who underwent spinal MR imaging, the average number of days between spinal MR imaging and CTM was 50.4 (range, 0 -351 days). Fifteen of 118 (13%) patients underwent interventional treatment between the spinal MR imaging and CTM. Of these, 12 received nontargeted epidural blood patches, 2 received nontargeted epidural injections of blood and fibrin glue, and 1 underwent surgical dural repair.
Algorithm Compliance
The algorithm was followed in 102 (79%) of 129 patients. In these patients, spinal MR imaging segments included the following: cervical/thoracic/lumbar in 82 (80%), cervical/thoracic in 8 (8%), cervical/lumbar in 2 (2%), thoracic/lumbar in 2 (2%), cervical in 2 (2%), thoracic in 4 (4%), and lumbar in 2 (2%).
Of the 20 patients with only a portion of the spine imaged with MR imaging, 18 had no extradural fluid present. These patients all underwent conventional CTM with no leak identified in 16 (89%) and slow leaks identified in 2 (11%). In the 2 patients with slow leaks, the imaged portion of the spine on MR imaging included the suspected site of leak identified on CTM. The 2 patients with extradural fluid present were appropriately triaged to dynamic CTM with fast leaks identified.
In the 102 patients in whom the algorithm was followed, extradural fluid was present on spinal MR imaging in 27 (26%) and absent in 75 (74%). When extradural fluid was present, dynamic CTM was performed and demonstrated a fast leak in 24 (89%) of 27 patients (Fig 1) , a slow leak in 1 (4%), and no identifiable leak in 2 (7%). When extradural fluid was absent, conventional CTM was performed and demonstrated no identifiable leak in 70 (93%) of 75 patients, a slow leak in 4 (5%), and a fast leak that could not be localized in 1 (1%).
Algorithm Success
When the algorithm was followed, algorithm success was present in 98 (96%) of 102 patients, and algorithm failure, in 4 (4%).
As for the failures, 3 (3%) of 102 patients underwent unnecessary dynamic CTM for a slow or absent CSF leak and 1 (1%) required repeat imaging with a dynamic CTM for localization of a fast leak.
Algorithm Noncompliance, Breach Types, and Clinical Impact
The algorithm was not followed in 27 (21%) of 129 patients. Breaches included no pre-CTM spinal MR imaging in 11 (41%), performing a conventional CTM when extradural fluid was present on spinal MR imaging in 13 (48%), and performing an unnecessary dynamic CTM for a slow or absent CSF leak when extradural fluid was absent on spinal MR imaging in 3 (11%).
Algorithm breaches resulted in 8 (30%) of 27 patients having nonlocalized fast leaks, in 1 (13%) of 8 due to no pre-CTM MR imaging, and in 7 (87%) due to performing a conventional CTM when extradural fluid was present on spinal MR imaging. Repeat imaging with dynamic CTM was performed in 4 (15%) of 27 patients for leak localization.
Overall, algorithm breaches resulted in significantly more repeat imaging with dynamic CTM (P ϭ .007, 2-tailed Fisher exact test) and a non-statistically significant trend toward more unnecessary initial dynamic CTMs (P ϭ .11, 2-tailed Fisher exact test) than cases in which the algorithm was followed.
Because extradural fluid could have potentially been present in patients with only partial spinal MR imaging performed, statistical analysis was repeated with exclusion of these patients. This analysis demonstrated similar results, with algorithm breaches resulting in significantly more repeat imaging with dynamic CTM (P ϭ .013, 2-tailed Fisher exact test) and a non-statistically significant trend toward more unnecessary initial dynamic CTMs (P ϭ .16, 2-tailed Fisher exact test) than cases in which the algorithm was followed.
DISCUSSION
While some patients with spontaneous intracranial hypotension have a selflimited course and can be treated with conservative measures, including bedrest, hydration, and caffeine, many do require an invasive therapeutic intervention. 3 In those patients who do not respond to Ն1 nontargeted epidural blood patch, targeted epidural injections or surgical repair may be required. In these patients, localization of the spinal leak becomes necessary to provide targeted therapy. CTM remains the primary technique for localization of spinal CSF leaks.
This study demonstrates that the imaging algorithm we have adopted for the evaluation of patients with suspected spinal CSF leak, when followed at our institution, results in significantly decreased repeat dynamic CTM performed for leak localization as opposed to cases in which the algorithm is not followed. In addition, when the algorithm has been followed, rates of repeat dynamic CTM have decreased to 1% as opposed to an average of 21% during the 8 years before using the algorithm. Additionally, fewer unnecessary dynamic CTMs for slow or absent CSF leaks have been performed when the algorithm has been followed as opposed to when it has been breached. Important benefits result from reducing repeat dynamic CTMs. One obvious benefit is a decrease in radiation dose to the patient from only having a single CTM performed rather than a conventional CTM followed by a dynamic CTM. This is particularly significant given the increased awareness and public concern about medical radiation in recent years, with focused effort to keep radiation doses as low as reasonably achievable. 4 The estimated effective dose for a conventional CT myelogram at our institution is 21.5 mSv compared with 70.6 mSv (range, 21.5-182.9 mSv) for a dynamic CT myelogram. 2 Three patients in the current study underwent digital subtraction myelography with an average effective dose of 32.2 mSv. Another benefit of reducing repeat dynamic CTM is improved patient care, in that the patient has to undergo only a single invasive examination rather than 2, which leads to lower risk, less discomfort, and cost savings for the patient. In the patient population with spontaneous intracranial hypotension, the risk of post-lumbar puncture headache should particularly be minimized, including avoiding unnecessary dural puncture. Although this outcome is speculative, referring clinician and patient satisfaction is presumably heightened because the clinical question is more quickly answered, with the opportunity to enact prompt targeted therapy if necessary. Finally, in a time when health care spending is expected to rise at faster rates in the United States compared with previous years, 5 judicious use of our resources and elimination of any potentially superfluous examinations are desirable.
Our study did have limitations. Inherent limitations include the retrospective nature of the study and its performance at a single large referral center. Another limitation is that 20% of patients who underwent pre-CTM spinal MR imaging and whose procedures were considered to have followed the algorithm had only a portion of the spinal canal rather than the entire spinal canal scanned by MR imaging. Extradural fluid could not be entirely excluded in such patients with partial spine MR imaging negative for leak. While it is unclear why these cases occurred, it is postulated that MR imaging examinations were occasionally targeted for clinically suspected symptoms at a specific level. However, the algorithm was successful in all these patients; they either had no extradural fluid detected in the imaged portion of the spine and underwent conventional CTM with slow or no CSF leak identified or had extradural fluid and underwent dynamic CTM with a fast leak identified. In the patients with leaks identified, the spinal segment including the leak level was included on each of the MR imaging examinations. Additionally, repeat statistical analysis with exclusion of patients with only a portion of the spinal canal scanned on MR imaging yielded similar statistically significant results in terms of repeat dynamic CTM and unnecessary initial dynamic CTM between the algorithm-compliant and -noncompliant groups. Ideally, though, each patient would undergo MR imaging of the entire spine to look for extradural fluid before the type of CTM to perform was decided. Timing between MR imaging and CTM was not standardized. An additional limitation of our study is that we could not determine the precise reasons for algorithm breaches, given the retrospective analysis.
Although algorithm success was quite high, several patients had algorithm failure. The reasons for algorithm failure are unclear and may be related to changes in rate/presence of CSF leak between MR imaging and CTM and/or individual patient variability in the ability to absorb CSF from the epidural space. Interventional therapy for the treatment of spontaneous intracranial hypotension, present in 15 patients between spinal MR imaging and CTM, could also potentially have altered the rates of algorithm success and failure. However, most patients who underwent interval treatment had no extradural fluid on MR imaging, were appropriately triaged to conventional CTM, and had no leak identified. Algorithm failure could additionally be secondary to the low sensitivity or specificity of spinal MR imaging for the detection of extradural fluid. No attempt was made to determine the sensitivity, specificity, or interobserver variability of detection of extradural fluid on spinal MR imaging because this study was focused on the effectiveness of the algorithm in routine clinical practice.
Given the high rate of algorithm success, future effort could be dedicated to ensuring compliance with the algorithm. The noncompliance rate of 21% over the study timeframe could have several causes, one of which may be the lack of awareness or education of referring clinicians in regard to the algorithm. The most common causes of algorithm breach were no pre-CTM spinal MR imaging and performing a conventional CTM when extradural fluid was present. It may be instructive to investigate why these algorithm breaches occurred. A possible solution to these most common breaches would be to require entire spine MR imaging before scheduling CTM for suspected spinal CSF leak and to require a dynamic CTM as the initial CTM if extradural fluid is present on the MR imaging, assuming that there are not contraindications to these examinations. Much of the responsibility for ensuring algorithm compliance also falls on the neuroradiologist performing the CTM, who should be aware of the algorithm and follow it unless there is a compelling reason to proceed otherwise.
CONCLUSIONS
If targeted therapy is being considered in a patient with a suspected spinal CSF leak, use of the presence or absence of extradural fluid on spinal MR imaging to determine whether a patient should initially undergo dynamic or conventional CTM to localize the leak has been a useful algorithm at our institution, with a relatively high degree of compliance. The algorithm has resulted in a significant reduction in the necessity for repeat CTM with a dynamic technique to localize fast leaks, with a minimal number of unnecessary initial dynamic CTMs performed.
